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象，但不影响提纯效果。实验检测表明热场工艺将 Fe含量 300ppm wt的原料提
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Abstract 
 
In directional solidification process for silicon ingots, temperature field is used to 
control segregation behavior of impurities on the solid-liquid interface for silicon 
purifying. After solidification, impurities aggregate in the head and tail of the ingots. 
In the thesis, the influence of process parameters and vacuum conditions on crystal 
growth is investigated with numerical simulation. Adjusting process parameters, 
including crucible pulling down rates and heater temperature, on crystal growth rates, 
grain morphologies and purification by directional solidification. The impurity 
distributions of characteristics and migration mechanism in recycled silicon ingot are 
investigated by experiments. The results are as follow  
1. 3D global numerical model is established and the results show that the crystal 
growth rates decrease linearly with the increase of heater temperature at a fixed value 
of the crucible pulling down rate, and decrease exponentially with the decrease of the 
crucible pulling down rate at a fixed value of the heater temperature. 
2. Thermal fields are controlled well so that columnar crystals grow well and no 
crystals are broken. The range of diameter is 5~15mm, while the sizes are between 
100mm and 200mm. Crystals along radial are found in silicon near the crucible for 
about 20mm thick, but there is no effect on purifiying. Tests show that removal of iron 
impurity from 300 ppm wt to 1 ppm wt and the yield of primary product is 85%. By 
the analysis of the distribution of radial, axial and silicon near crucible wall, 
controlling thermal fields is benefical for removal of impurities. 
3. Different vacuum conditions are adopted to investigate the distribution of 
impurities in recycled silicon. The distribution of inclusions and volatile impurities 
(such as Al, Ca, Na) are effected by vacuum condition, but this relationship does not 
apply to non-volatile impurities (such as Fe). Toward the start of vacuum condition, 
large amounts of volatile impurities separate from inclusions, which leads to lagre 
particles and some impurities around are engulfed by solid-liquid interface at the 
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gather together on the top of silicon ingots. 
 













































































图 1-1 世界各国对可再生新能源技术的投资 

























图 1-2（a）显示，从 2000年至 2035年全球范围内光伏组件的需求量逐年






































低压（100~500 kpa）下加热至 627~677K 温度范围，工业级硅（MG 纯度
99.8%~99.9%）与高纯 H2反应，反应方程式： 
                          3 2( )MG Si HCl SiHCl H+ → +                   （1-1） 
























                           3 2 2 4SiHCl SiH Cl SiCl→ +                      （1-3） 
                        3 4 2SiHCl HCl SiCl H+ → +                        （1-4） 
                         3 2 ( )SiHCl H HCl Si EG+ → +                     （1-5） 
3 ( )SiHCl HCl Si EG→ +                         （1-6） 
最后，出于对西门法制备多晶硅的产量效率低、尾气污染严重等问题的考
虑，改良西门发应运而生，即在原有生产线基础上增加了尾气回收利用装置。
在高压（2000~3500 kpa）下加热温度至 823K，尾气中 SiCl4氢化为原料 SiHCl3
后继续参与多晶硅制备，在减少环境污染的同时也提高了原料利用率，增加的
反应如下 


































图 1-5 日本的川崎制铁冶金法工艺 
图片来源：[13] 
 
表 1-1 JFE冶金法制备的太阳能级多晶硅纯度要求（ppm wt） 
杂质种类 B P C Al Ti Fe 
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